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The effects of photosystem II antenna size on reaction center-type energy-dependent quenching (qE) were examined in rice plants grown under
two different light intensities using both wild type and qE-less (OsPsbS knockout) mutant plants. Reaction center-type qE was detected by
measuring non-photochemical quenching at 50 μmol photons m−2 s−1 white light intensity. We observed that in low light-grown rice plants,
reaction center-type qE was higher than in high light-grown plants, and the amount of reaction center-type qE did not depend on zeaxanthin
accumulation. This was confirmed in Arabidopsis npq1–2 mutant plants that lack zeaxanthin due to a mutation in the violaxanthin de-epoxidase
enzyme. Although the electron transport rate measured at a light intensity of 50 μmol photons m−2 s−1 was the same in high light- and low light-
grown wild type and mutant plants lacking PsbS protein, the generation of energy-dependent quenching was completely impaired only in mutant
plants. Analyses of the pigment content, Lhcb proteins and D1 protein of PSII showed that the antenna size was larger in low light-grown plants,
and this correlated with the amount of reaction center-type qE. Our results mark the first time that the reaction center-type qE has been shown to
depend on photosystem II antenna size and, although it depends on the existence of PsbS protein, the extent of reaction center-type qE does not
correlate with the transcript levels of PsbS protein. The presence of reaction center-type energy-dependent quenching, in addition to antenna-type
quenching, in higher plants for dissipation of excess light energy demonstrates the complexity and flexibility of the photosynthetic apparatus of
higher plants to respond to different environmental conditions.
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Higher plants develop a variety of photoprotective mechan-
isms against photoinhibition or the light-dependent loss of
photosynthetic efficiency [1,2]. These photoprotective mechan-
isms are classified as either long-term or short-term responses.
The long-term responses include avoidance mechanisms that
involve changes in the orientation of leaves [3] or chloroplasts
[4] and modulation of the composition of the photosynthetic
apparatus by light acclimation [5]. The most prominent short-⁎ Corresponding authors. I.S. Zulfugarov is to be contacted at tel.: +82 51
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doi:10.1016/j.bbabio.2007.02.021term response is non-photochemical quenching (NPQ), which
plays an important role in the photoprotection of photosystem
(PS) II in vivo. NPQ is subdivided into three components
according to their relaxation kinetics in darkness following a
period of illumination, as well as their responses to various
inhibitors. The slowest component of NPQ is qI, which is
related to photoinhibition or the slowly reversible damage to
PSII reaction centers [6]. The second component of NPQ is qT,
which reflects the phosphorylation-mediated migration of light-
harvesting complex (LHC) II between PSII and PSI (state
transition) [7]. The fastest and the most important component of
NPQ is qE, the energy-dependent quenching. This component
depends on three major parameters: the development of
transthylakoid proton gradient (ΔpH), the amount of pigments
involved in xanthophyll cycle, and the existence of a PsbS
subunit in PSII [8]. qE is characterized by: (1) its sensitivity to
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dicyclohexylcarbodiimide, an inhibitor of protonation of
protein residues [10], (3) the light-induced absorbance changes
at 535 nm [11], (4) the shortening of the lifetime of a specific
chlorophyll (Chl) fluorescence component from ∼2.0 to
∼0.4 ns [12] and (5) carotenoid cation radical formation [13].
During the past several decades, intensive studies of qE have
focused mainly on the site of quenching and its role in photo-
damage. Accordingly, two types of models have been proposed,
depending on the binding site of the quencher. One of the
models is the antenna-type qE, which has been widely
investigated and assumes that the quencher of qE is associated
with LHCII of PSII [14]. The other model is the reaction center
(RC)-type qE, which assumes that the quencher of qE is
associated with the PSII core complex [15,16]. This RC-type qE
does not appear to depend on the xanthophyll cycle [15],
although a previous report [17] suggested that a small number
of molecules of zeaxanthin per PSII RC may permit effective
quenching of Chl fluorescence. The role of charge separation
within the PSII core complex in quenching Chl fluorescence has
also been reported [18]. Therefore, both the presence and the
possible mechanisms of RC-type qE and the factors that affect
the RC-type qE are still under debate.
The utilization of absorbed light energy by PSII and the
photoinactivation of PSII depend on the size of the light-
harvesting antenna [19,20]. Furthermore, larger PSII antenna
size encourages an increased rate of light absorption, resulting
in greater likelihood of photodamage in the PSII core complex
[20]. High light (HL)-grown or sun plants are reported to be
more resistant to photoinhibition than are low light (LL)-grown
or shade plants [1,2]. The resistance of HL-grown plants to
excess light has been attributed to various factors, including a
higher rate of photosynthetic electron transport, a smaller PSII
antenna size and greater capacities for both D1 protein turnover
and NPQ. Also, in isolated PSII particles, the trapping behavior
of PSII was a function of antenna size [21]. Although structural
rearrangements of light-harvesting antenna complexes are
involved in the quenching of Chl fluorescence [22], to our
knowledge, no data have been presented on the role of antenna
size of PSII in RC-type qE.
Therefore, in the present study, we investigated the effects of
PSII antenna size on the RC-type qE in rice plants grown under
two different light intensities using both wild-type (WT) and
qE-less (OsPsbS knockout) mutant plants. We found a direct
correlation between the RC-type qE and the PSII antenna size,
but this qE did not depend on zeaxanthin accumulation or other
possible factors that influence qE, including linear electron
transport rate (ETR) and PsbS protein of PSII.
2. Materials and methods
2.1. Plants and growth conditions
One-month-old seedlings of WT and OsPsbS-knockout mutant rice (Oryza
sativa L.) plants [23] were grown in soil in a greenhouse under sunlight (for HL-
grown plants) or in a growth chamber at an irradiance of 50 μmol photons m−2 s−1
white light (for LL-grown plants) at a temperature of 28±2 °C. Arabidopsis
thaliana plants were grown in a growth chamber at an irradiance of 100 μmolphotons m−2 s−1 white light at a temperature of 23±1 °C. Plants were dark-
adapted for at least 4 h before measurements unless otherwise stated.
2.2. Fluorescence and electron transport measurements
Chl fluorescence was measured on detached leaves using a PAM fluorometer
(PAM2000, Walz, Effeltrich, Germany) at room temperature after dark-adaptation
for 10 min. Actinic light was provided by a halogen lamp (Schott KL1500,
Mainz, Germany). Fluorescence parameters, Fm and Fm′, were induced by a
saturating pulse of white light (0.8 s, 5.000 μmol photons m−2 s−1). Fm and Fo
are defined as maximal and minimal fluorescence yield of a “dark-adapted”
sample, with all PSII RCs fully closed or opened, respectively. Fm′ is defined as
the maximal fluorescence yield reached with a pulse of saturating light while
leaves are illuminated by actinic light. The photochemical quenching (qP) and
NPQ parameters were calculated using the equations described in [24]. Electron
transport rates were calculated as previously described [25].
2.3. Pigment analysis
Carotenoids were analyzed as described [26] with slight modifications. Leaf
segments of one-month-old plants were frozen in liquid nitrogen following light
treatment and ground with a Mixer-Mill (MM301, Retsch, Germany). Their
pigments were then extracted by gently agitating the leaf powder in ice-cold
100% acetone for 1 h. To minimize pigment degradation, the extraction was
performed in darkness at 4 °C. Cell debris was removed by centrifuging at 4 °C
for 10 min at 14,000 rpm (Micro 17R; Hanil, Korea). The extracts were filtered
through a 0.2-μm syringe filter. Pigment separation was performed in an HPLC
system (HP 1100 Series; Hewlett Packard, Waldbronn, Germany) on a
Spherisorb ODS-1 column (Alltech, USA) with a solvent mixture of aceto-
nitrile:methanol:0.1 M Tris–HCl (pH=8., 72:12:7, v/v), and a 10-min linear
gradient (methanol:hexane, 4:1, v/v). The concentrations of the pigments were
estimated by using the conversion factors for peak area (in nanomoles) that were
previously calculated for this solvent mixture [27]. The Chl content of the leaf
discs was determined in 80% acetone extracts using the extinction coefficients
and wavelengths as described [28].
2.4. Immunoblotting analysis of the D1 protein and Lhcb proteins
For RNA extraction and immunoblot analysis, leaves were harvested 3 h into
the light period, frozen immediately in liquid nitrogen, and then stored at −80 °C.
Isolation of thylakoid membranes for immunodetection of proteins was
performed as described by Oh et al. [29]. SDS-PAGE (14%) was used to
separate Lhcb proteins as previously reported [30]. Thylakoid membranes
equivalent to 2–10μgChl were solubilized in buffer composed of 62.5mMTris–
HCl, 10% glycerol, 10% SDS, 2.5% β-mercaptoethanol and 6M urea for 30 min
at room temperature. D1 protein analysis was performed according to the
procedure of Miyao [31]. After SDS-PAGE, proteins were transferred to
nitrocellulose membranes for immunoblotting [32]. After having been blocked
and washed, the blots were incubated with anti-Lhcb antibodies. After washing,
they are incubated with HRP-conjugated secondary antibody (Amersham). The
ECL detection system (Amersham) was used to visualize the protein bands.
Antibodies against Lhcb proteins were kindly provided by Prof. Stefan Jansson
(Umeå Plant Science Center, Umeå, Sweden), and the anti-D1 serum against a
synthetic polypeptide that corresponds to residues 333–344 of the spinach D1
protein was kindly provided by Prof. Mitsue Miyao (Laboratory of Photosynth-
esis, National Institute of Agrobiological Resources, Tsukuba, Japan).
2.5. Reverse transcription polymerase chain reaction (PCR) with an
internal standard
Total cellular RNAwas isolated from HL- and LL-grown plant leaves using
TRIzol REAGENT® (Life Technologies, USA) according to the manufacturer's
instructions. Reverse transcription was performed according to the manufac-
turer's protocol using RNA samples with RQ1 RNase-free DNase (Promega)
and M-MLV (Promega). Forward (GGTTTCACCAAGGAGAACGA) and
reverse (ACGACGTTGAAGAGGACGAG) primers from the 3rd exon (near
the T-DNA insertion position) of OsPsbS (LOC_Os01g64960) were designed to
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at 94 °C for 5 min followed thereafter by 35 cycles of denaturation at 94 °C for
30 s, primer annealing at 56 °C for 30 s and primer extension at 72 °C for 30 s.
The cycles were followed by a final extension at 72 °C for 10 min. The final
PCR products (10 μl) were analyzed on 1.5% (w/v) agarose gels. For each plant,
actin transcripts were used as an internal control.
3. Results
3.1. Relative contribution of RC-type qE is different in HL- and
LL-grown rice plants
Illumination of detached WT rice leaves with white actinic
light resulted in the generation of NPQ (Fig. 1A and B). Using
HL-grown plant leaves, the NPQ-generation kinetics measured
under high actinic light (500 μmol photons m−2 s−1) were
compared to that measured under low actinic light (50 μmol
photons m−2 s−1); PsbS-knockout mutant plants were compared
with WT to understand the role of PsbS protein (Fig. 1A). As
previously reported [15], under low actinic light NPQ developed
for about 2 min, but slowly decreased thereafter, although after
illumination with high actinic light, NPQ developed rapidly and
reached a plateau. This initial development of NPQ for 1–2 min
is called RC-type qE because it is associated with reversible
inactivation of PSII RCs [15]. This qE is blocked by treatment
with nigericin, which inhibits the development ofΔpH across the
thylakoid, but it is not accompanied by zeaxanthin synthesis. The
NPQ generation kinetics from LL-grown plants are shown in Fig.
1B. Although the plateau levels of NPQ generated under high
actinic light in LL-grown WT plants were slightly lower than
those obtained using HL-grown WT plants, the RC-type qE
generated under low actinic light in LL-grown WT plants was
two-times higher than that generated in HL-grown WT plants.Fig. 1. Light-induced NPQ and qP generation in rice leaves under low (50 μmol pho
NPQ in high-light-grown plants; (B) NPQ in low-light-grown plants; (C) qP in high
mean of at least four separate experiments with standard deviation indicated by the
symbols, under high actinic light intensities; dark symbols, under low actinic light iAlthough HL- and LL-grown plants show differences in qP
under high actinic light, we could not observe significant
differences in qP when they were under low actinic light (Fig.
1C and D). Also, no significant differences in maximum
photochemical efficiency of PSII (measured as Fv/Fm) were
observed between HL-grown and LL-grown WT plants, or
between WTand PsbS knockout rice plants as shown in original
fluorescence traces (see Fig. 2A and B). Because there were
differences in the RC-type qE between HL- and LL-grown WT
plants without significant differences in the maximal photo-
chemical efficiency of PSII, we compared the dependence of
linear ETR on photosynthetic active radiance (PAR) (Fig. 2D,
insert). Under PAR higher than ∼150 μmol photons m−2 s−1,
the ETR measured in HL-grown plants was greater than that of
LL-grown plants. However, when the PAR was less than
∼100 μmol photons m−2 s−1 light intensity, no differences in
ETR were observed between the plants grown under different
light intensities. Furthermore, mutation of PsbS protein did not
cause any changes in linear ETR of the plants, regardless of their
growth conditions (Fig. 2D, insert).
3.2. Zeaxanthin formation does not affect RC-type qE in
HL- and LL-grown rice plants
Energy-dependent quenching is generally correlated with
zeaxanthin accumulation in higher plants. We analyzed the
correlation between NPQ-generation kinetics and the amount of
zeaxanthin synthesized in HL- and LL-grown WT and PsbS-
knockout rice plants. After dark adaptation, plants were
illuminated at subsequent time intervals (Fig. 2C and D.) with
high (500 μmol photons m−2 s−1) and low (50 μmol photons
m−2 s−1) light intensities and then frozen in liquid nitrogen untiltons m−2 s−1) and high (500 μmol photons m−2 s−1) actinic light intensities. (A)
-light-grown plants; (D) qP in low-light-grown plants. Each point represents the
bar. NPQ and qP were calculated as described in Materials and methods. White
ntensities; circles, WT; triangles, PsbS-knockout rice plants.
Fig. 2. Original chlorophyll fluorescence traces and zeaxanthin accumulation after subsequent illumination of rice leaves. (A) High-light grown plants; (B) low-light
grown plants. Solid lines with high (500 μmol photons m−2 s−1); dashed lines with low (500 μmol photons m−2 s− 1) actinic light intensities. Top panel—WT; bottom
panel—PsbS-KO plants. (C) Zeaxantin accumulation in high-light-grown plants. (D) Zeaxanthin accumulation in low-light-grown plants. Plants were illuminated with
high (500 μmol photons m−2 s−1) and low (50 μmol photons m−2 s−1) light intensities, and the leaves were then quickly frozen in liquid nitrogen. Pigment analysis of
whole leaf extract was performed by HPLC as described in Materials and methods. Each point represents the mean of at least four independent experiments with
standard deviation bar. Insert in (D) represent electron transport rate of high- and low-light-grown plants.
Table 1
HPLC pigment analyses of rice leaves grown under high light (HL) and low
light (LL)
Neo Vio Ant Zea V+A+Z Lut β-Car
WT–HL 65±1 124±7 49±1 30±1 203 246±9 173±13
PsbS–HL 66±1 120±1 51±6 35±9 206 235±5 173±1
WT–LL 59±1 52±1 27±1 5±1 84 251±2 127±16
PsbS–LL 57±1 59±1 25±1 6±1 90 242±3 140±12
Leaf tissues were collected 3 h into the light period from 3 individual plants for
each experiment. The tissues were immediately frozen in liquid nitrogen and
then stored at −80 °C until use. The values are given in mmol of pigments per
mol Chl a. Neo—neoxanthin; Vio—violaxanthin; Ant—antheraxanthin; Zea—
zeaxanthin; V+A+Z—xanthophyll cycle pool size; Lut—lutein; β-Car—
β-carotene. Mean value±SD are given for at least 3 independent experiments.
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qE was rapidly induced, we did not observe active accumulation
of zeaxanthin. On the contrary, when zeaxanthin subsequently
began to accumulate, RC-type qE decreased (see Fig. 1A and B).
The amount of zeaxanthin that accumulated after prolonged
illumination was higher in HL-grown plants than in LL-grown
plants, in agreement with previous reports [33]. Although PsbS-
knockout plants did not show any qE, we did not observe any
remarkable differences in zeaxanthin accumulation betweenWT
and mutant plants.
3.3. Antenna size correlated with RC-type qE
The total Chl content of HL-grown WT rice plants was
1.94mg per gram fresh weight, but it was 3.43mg per gram fresh
weight in LL-grownWT plants. The Chl a/Chl b ratio was 3.0 in
LL-grown plants, slightly smaller than the value in HL-grown
plants (3.3); the PsbS mutation did not make any remarkabledifference in the Chl content. Table 1 shows the HPLC analyses
of pigments in rice leaves harvested at daytime and immediately
frozen in liquid nitrogen. The data showed that HL-grown plants
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(β-car) than LL-grown plants. This indicates that plants grown
under HL have the capacity to synthesize greater amounts of
β-car and xanthophylls as an adaptive strategy to protect plants
from HL [34]. Although the content of neoxanthin was slightly
less in LL-grown plants, the amount of lutein, the most abundant
carotenoid in plants, remained constant.
Typically, the pigment content, including Chls and carote-
noids, per PSII RC is measured to estimate the PSII antenna size
[20,21,35]. In this study, we estimated the PSII antenna size in a
more direct way. We determined the amount of Lhcb proteins
and D1 protein from PSII core complexes in samples containing
equal amounts of Chl. Immunoblots obtained using antibodies
against these proteins are shown in Fig. 3A. Similar to other
findings, LL-grown plants expressed higher levels of antenna
proteins, Lhcb1, Lhcb 2, Lhcb 3 and Lhcb 4, than HL-grown
plants (Fig. 3B), regardless of PsbS mutation [36]. However, D1
polypeptide remained unaltered both in LL- and HL-grown WT
and PsbS-knockout mutant plants.
Furthermore, we estimated the functional antenna size of
PSII from fluorescence induction traces in leaves infiltrated
with DCMU, and the size in LL-grown rice plants was two
times bigger than the size in HL-grown plants, which is in
agreement with previous reports [19] and with the estimates
based on immunoblot analysis (Fig. 3A).Fig. 3. Western blots of Lhcb proteins and D1 protein of PSII, and PsbS gene expres
was repeated at least twice and representative data are shown. (A) Western blotting; (B
blot analysis, each lane was loaded with thylakoid membranes equivalent to 2 μg Ch
analysis program in MatLab.Thus, we found a direct correlation between PSII antenna
size and the extent of RC-type qE. Since it has previously been
reported that PsbS protein has a dosage effect on qE [37], we
next wanted to determine whether the difference between the
PSII antenna sizes in HL- and LL-grown plants would affect the
expression levels of PsbS subunit of PSII.
3.4. PsbS protein expression does not have a dosage effect on
RC-type qE
Fig. 3C displays the results of the PsbS gene expression
experiments in HL- and LL- grown WT and PsbS-knockout
plants. PsbS transcript levels in LL-grown WT plants were not
higher than in HL-grown plants. On the contrary, the HL-grown
WT plants showed a little more PsbS protein expression than
LL-grown plants, which is in agreement with previous findings
[38]. These data suggest that levels of PsbS protein and extent
of RC-type qE have no correlation.
4. Discussion
Here, we present evidence indicating that a part of NPQ,
which is induced in dark-adapted plants within 1–2 min under
illumination in low actinic light at 50 μmol photons m−2 s−1,
depends on PSII antenna size. In higher plants, the energy-sion in HL- and LL-grown WT and PsbS-knockout rice plants. Each experiment
) quantification of the western blotting results; (C) gene expression. For Western
l. Quantification of the western blotting results was done using a special image
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accumulation of zeaxanthin, a pigment involved in the
xanthophyll cycle [39]. In this study, the amount of zeaxanthin
that accumulated during the initial 1 min of illumination was
very small in both HL- and LL-grown plants (Fig. 2C and D.).
Earlier studies on RC-type qE [15,17] also did not report any
dependence of RC-type qE on zeaxanthin accumulation.
However, a small number of zeaxanthin molecules per PSII
RC may permit effective thermal dissipation of light energy in
PSII, as shown in poikilohydric moss [18]. Although we cannot
rule out this possibility, we believe it to be less likely, because
the RC-type qE was observed in Arabidopsis npq1–2 mutant
[39] plants, which completely lack zeaxanthin due to a mutation
in the violaxanthin de-epoxidase enzyme (Fig. 4). The extent of
RC-type qE in npq2 mutant plants of Arabidopsis which
accumulated more zeaxanthin also was similar (Fig. 4). The less
extent of RC-type qE in these mutants may be due to alteration
of antenna characteristics by carotenoids as shown in [41,42].
The other characteristic of the RC-type qE is shown in Fig. 1,
where the RC-type qE was induced within the first 1–2 min of
low actinic illumination, and its magnitude decreased rapidly
with a corresponding increase in photochemical quenching (Fig.
1C and D). We note that other research groups [17,18] have
shown that RC-type qE to occurs at all times during illumination,
however, these authors used methods of Fo and Fm quenching
separately to estimate RC-type qE. It is possible that the RC-type
qE does not relax during illumination with high actinic light, but
rather is partly converted into the antenna-type qE.
We observed that the magnitude of RC-type qE induced
under illumination with low actinic light was higher in LL
grown plants than in HL grown plants. To understand the
reasons of this difference, we examined various factors that may
affect quenching processes. First of all, we did not observe any
noticeable differences in linear ETR between HL- and LL-
grown plants and between WT and PsbS-knockout plants when
RC-type qE was induced.
The PSII antenna size in LL-grown rice plants was larger
than that in HL-grown plants, regardless of the mutation of PsbSFig. 4. Light-induced NPQ generation in Arabidopsis NPQ mutants, under low
(50 μmol photons m−2 s−1) actinic light intensity. Each point represents the
mean of at least four separate experiments with standard deviation bar.protein (Table 1 and Fig. 3A); this is in agreement with other
studies [20,21]. It has also been shown that, under high
irradiance, Dunaliella salina [21] and pea [20] respond by
decreasing the PSII antenna size. These studies have reported
that photoinhibition of PSII increases when PSII Chl antenna
size becomes large. However, there are contrasting reports ([43]
and references therein) that photoinhibition does not depend on
the antenna size. It is most likely that when the Chl antenna size
is large, the PSII RC receives more light energy due to the
increased rate of light absorption and, thus, higher rate of energy
transfer from the antenna; this would minimize the damaging
effects of high irradiance. One of the mechanisms that protects
against photoinhibition is that the PSII core complex minimizes
the photodamage by dissipating energy as heat, thereby also
quenching Chl fluorescence. However, we cannot, at present,
conclusively define the role of RC-type qE in photoinhibition.
A probable explanation for this discrepancy may be that the
diminished photosynthetic electron transport rate under high
irradiance regime for LL-grown plants may reduce the CO2
fixation and, thus, cause a decrease in the RC-type qE level in
LL-grown plants compared to HL-grown plants (Fig. 1).
It has been shown that PsbS protein levels affect qE [37], and
our findings also show that total NPQ levels in HL- and LL-
grown rice WT plants correlate with PsbS transcript levels (Fig.
3B). When the RC-type qE is large (LL-grown WT plants),
PsbS transcript levels are small; when the RC-type qE is small
(HL-grown WT plants), PsbS transcript levels are relatively
large. Although the RC-type qE differs from the antenna-type
quenching, the disappearance of both types of qE in the npq4-1
mutant of Arabidopsis (Fig. 4) and in PsbS-knockout rice plants
(Fig. 1) raises the possibility of common origin or common
regulation for these forms of quenching. So, PsbS protein of
PSII may be involved in the generation of RC-type qE, but the
mechanism of regulation for qE in RC and in antenna might be
different. It has been suggested that the RC-type and antenna-
type of quenching represent two different phenomena [15]. It
has also been shown that PsbS proteins in PSII have monomeric
and dimeric forms, depending on pH shifts [44]. We observed
that PsbS transcript levels were different in HL- and LL-grown
plants. Taken together, these findings suggest that the two types
of qE, RC-type and antenna-type, are probably regulated
differently. Although it has been shown that PsbS protein of
PSII is most likely associated with zeaxanthin and quenches the
Chl fluorescence [13], there is no direct evidence that PsbS is
bound to any pigments [44]. The independence of the RC-type
qE from zeaxanthin also indirectly implies that PsbS protein of
PSII promotes qE in higher plants.
Although we cannot rule out the other possibilities that may
affect RC-type qE, the exact quenching site and the molecular
mechanism of qE is still unclear. The levels of many factors and
components change depending on the intensity of light during
growth and may affect the coordinated function of PSII and PSI
and thus, may alter electron transport properties as well as alter
qE [45–47].
In summary, our results show that RC-type qE depends on
the PSII antenna size, and, although it depends on PsbS protein
of PSII, it is not correlated with the transcript levels of PsbS
779I.S. Zulfugarov et al. / Biochimica et Biophysica Acta 1767 (2007) 773–780protein. In higher plants, the presence of two types of qE for
dissipation of excess light energy demonstrates the complexity
and flexibility of their photosynthetic apparatus to respond to
different environmental conditions. Our experimental data
emphasize the importance of PsbS protein in the generation of
both RC-type and the antenna-type qE. The formation of PsbS-
dependent quenching complexes in the PS II core complex and
in LHCII are inevitable, the possible molecular mechanism(s) of
the energy-dependent quenching of Chl fluorescence and its
regulation remain unclear.
Acknowledgments
We are grateful to Prof. G. Garab and Prof. N. Murata for a
critical reading of the manuscript and comments. This research
was supported by a grant (CG1112) from the Crop Functional
Genomics Center of the 21st Century Frontier Research
Program funded by the Ministry of Science and Technology
(MOST) and the Rural Development Administration (RDA) of
the Republic of Korea. ISZ thanks KOSEF for partial financial
support. SRM would like to thank the Brain Pool Program of
KOSEF (Grant 051S-1-8).
References
[1] W.C. Chow, Photoprotection and photoinhibitory damage, Adv. Mol. Cell
Biol. 10 (1994) 151–196.
[2] C.B. Osmond, What is photoinhibition? Some insights from comparisons
of shade and sun plants, in: N.R. Baker, J.R. Rowyer (Eds.), Photoinhibi-
tion of Photosynthesis: from Molecular Mechanisms to the Field, Bios
Scientific, Oxford, 1994, pp. 1–24.
[3] O. Björkman, B. Demmig-Adams, Regulation of photosynthetic light
capture, conversion, and dissipation in higher plants, in: E.-D. Schulze, M.
M. Caldwell (Eds.), Ecophysiology of Photosynthesis, Springer-Verlag,
Berlin, 1994, pp. 17–24.
[4] Y.-L. Park, W.S. Chow, J.M. Anderson, Chloroplast movement in the
shade plant Tradescantia albiflora helps protect photosystem II against
light stress, Plant Physiol. 111 (1996) 867–875.
[5] J.M. Anderson, C.B. Osmond, Shade-sun responses: compromises between
acclimation and photoinhibition, in: D.M. Kyle, C.B. Osmond, C.J.
Arntzen (Eds.), Photoinhibition, Elsevier, Amsterdam, 1987, pp. 15–44.
[6] B. Osmond, M. Badger, K. Maxwell, O. Björkman, R. Leegood, Too many
photons: photorespiration, photoinhibition and photooxidation, Trends
Plant Sci. 2 (1997) 119–121.
[7] M.A. Harrison, J.F. Allen, Differential phosphorylation of individual LHC-
II polypeptides during short-term and long-term acclimation to light
regime in the green alga Dunaliella salina, Biochim. Biophys. Acta 1141
(1993) 37–44.
[8] P. Müller, X.-P. Li, K.K. Niyogi, Non-photochemical quenching. A
response to excess light energy, Plant Physiol. 125 (2001) 1558–1566.
[9] K. Oxborough, P. Horton, A study of the regulation and function of energy-
dependent quenching in pea chloroplasts, Biochim. Biophys. Acta 934
(1988) 135–143.
[10] R.G. Walters, A.V. Ruban, P. Horton, Higher plant light-harvesting
complexes LHCIIa and LHCIIc are bound by dicyclohexylcarbodiimide
during inhibition of energy dissipation, Eur. J. Biochem. 226 (1994)
1063–1069.
[11] A.V. Ruban, A.J. Young, P. Horton, Induction of non-photochemical
energy dissipation and absorbance changes in leaves. Evidence for changes
in the state of the light harvesting system of Photosystem II in vivo, Plant
Physiol. 102 (1993) 741–750.
[12] A.M. Gilmore, T.L. Hazlett, Govindjee, Xanthophyll cycle-dependent
quenching of photosystem II chlorophyll fluorescence: formation of aquenching complex with a short fluorescence lifetime, Proc. Natl. Acad.
Sci. U. S. A. 92 (1995) 2273–2277.
[13] N.E. Holt, D. Zigmantas, L. Valkunas, X.-P. Li, K.K. Niyogi, G.R.
Fleming, Carotenoid cation formation and the regulation of photosynthetic
light harvesting, Science 307 (2005) 433–436.
[14] P. Horton, M. Wentworth, A.V. Ruban, Control of the light harvesting
function of chloroplast membranes: the LHCII-aggregation model for non-
photochemical quenching, FEBS Lett. 579 (2005) 4201–4206.
[15] G. Finazzi, G.N. Johnson, L. Dall'Osto, P. Joliot, F.-A. Wollman, R.
Bassi, A zeaxanthin-independent nonphotochemical quenching mechan-
ism localized in the photosystem II core complex, Proc. Natl. Acad. Sci.
U. S. A. 101 (2004) 12375–12380.
[16] A. Krieger, E. Weis, The role of calcium in the pH-dependent control of
photosystem II, Photosynth. Res. 37 (1993) 117–130.
[17] N.G. Bukhov, J. Kopecky, E.E. Pfündel, C. Klughammer, U. Heber, A few
molecules of zeaxanthin per reaction centre of photosystem II permit
effective thermal dissipation of light energy in photosystem II of a
poikilohydric moss, Planta 212 (2001) 739–748.
[18] A.G. Ivanov, P.V. Sane, M. Krol, G.R. Gray, A. Balseris, L.V. Savitch, G.
Öquist, N.P.A. Hüner, Acclimation to temperature and irradiance
modulates PSII charge recombination, FEBS Lett. 580 (2006) 2797–2802.
[19] Y.-L. Park, W.S. Chow, J.M. Anderson, Antenna size dependency of
photoinactivation of photosystem II in light-acclimated pea leaves, Plant
Physiol. 115 (1997) 151–157.
[20] I. Baroli, A. Melis, Photoinhibitory damage is modulated by the rate of
photosynthesis and by the photosystem II light-harvesting chlorophyll
antenna size, Planta 205 (1998) 288–296.
[21] L.M.C. Barter, M. Bianchietti, C. Jeans, M.J. Schilstra, B. Hankamer, B.A.
Diner, J. Barber, J.R. Durrant, D.R. Klug, Relationship between excitation
energy transfer, trapping, and antenna size in photosystem II, Biochemistry
40 (2001) 4026–4034.
[22] R. Goss, G. Garab, Non-photochemical chlorophyll fluorescence quench-
ing and structural rearrangements induced by low pH in intact cells of
Chlorella fusca (Chlorophyceae) and Mantoniella squamata (Prasinophy-
ceae), Photosynth. Res. 67 (2001) 185–197.
[23] H.Y. Koo, I.S. Zulfugarov, M.-H. Oh, Y.-H. Moon, S. Jansson, G. An, C.-
H. Lee, The function of the PsbS protein in relation to nonphotochemical
energy dependent quenching in rice plants, in: A. van der Est, D. Bruce
(Eds.), Photosynthesis: Fundamental Aspects to Global Perspectives,
2004, pp. 527–530, Montreal.
[24] O. van Kooten, J.F.H. Snel, The use of chlorophyll fluorescence
nomenclature in plant stress physiology, Photosynth. Res. 25 (1990)
147–150.
[25] J.-H. Kim, S.-J. Kim, S.H. Cho, W.S. Chow, C.-H. Lee, Photosystem I
acceptor side limitation is a prerequisite for the reversible decrease in the
maximum extent of P700 oxidation after short-term chilling in the light in
four plant species with different chilling sensitivities, Physiol. Plant. 123
(2005) 100–107.
[26] A.M. Gilmore, H.Y. Yamamoto, Zeaxanthin formation and energy-
dependent fluorescence quenching in pea chloroplasts under artificially
mediated linear and cyclic electron transport, Plant Physiol. 96 (1991)
635–643.
[27] A.M. Gilmore, H.Y. Yamamoto, Resolution of lutein and zeaxanthin using
a non-endcapped, lightly carbon-loaded C18 high-performance liquid
chromatographic column, J. Chromatogr. 543 (1991) 137–145.
[28] R.J. Porra, W.A. Thompson, P.E. Kriedemann, Determination of accurate
extinction coefficients and simultaneous equations for assaying chlor-
ophyll a and b with four different solvents: verification of the concentration
of chlorophyll by atomic absorption spectroscopy, Biochim. Biophys. Acta
975 (1989) 384–394.
[29] M.-H. Oh, Y.-H. Moon, C.-H. Lee, Increased stability of LHCII by
aggregate formation during dark-induced leaf senescence in the Arabidopsis
mutant, ore10, Plant Cell Physiol. 44 (2003) 1368–1377.
[30] U. Laemmli, Cleavage of structural proteins during the assembly of the
head of bacteriophage, Nature 227 (1970) 680–685.
[31] M. Miyao, Involvement of active oxygen species in degradation of the D1
protein under strong illumination in isolated subcomplexes of photosystem
II, Biochemistry 33 (1994) 9722–9730.
780 I.S. Zulfugarov et al. / Biochimica et Biophysica Acta 1767 (2007) 773–780[32] H. Towbin, T. Staehelint, J. Gordont, Electrophoretic transfer of proteins
from polyacrylamide gels to nitrocellulose sheets: procedure and some
applications, Proc. Natl. Acad. Sci. U. S. A. 76 (1979) 4350–4354.
[33] R.K. Behera, N.K. Choudhury, High irradiance-induced changes in
carotenoid composition and increase in non-photochemical quenching of
Chl a fluorescence in primary wheat plants, J. Plant Physiol. 160 (2003)
1141–1146.
[34] S.S. Thayer, O. Björkman, Leaf xanthophyll content and composition in
sun and shade determined by HPLC, Photosynth. Res. 23 (1990) 331–343.
[35] H. Lokstein, L. Tian, J.E.W. Polle, D. DellaPenna, Xanthophyll
biosynthetic mutants of Arabidopsis thaliana: altered nonphotochemical
quenching of chlorophyll fluorescence is due to changes in Photosystem II
antenna size and stability, Biochim. Biophys. Acta 1553 (2002) 309–319.
[36] G.R. Gray, A.G. Ivanov, M. Krol, J.P. Williams, M.U. Kahn, E.G.
Myscich, N.P.A. Hüner, Temperature and light modulate the trans-Δ3-
hexadecenoic acid content of phosphatidylglycerol: Light-harvesting
complex II organization and non-photochemical quenching, Plant Cell
Physiol. 46 (2005) 1272–1282.
[37] X.-P. Li, A.M. Gilmore, K.K. Niyogi, Molecular and global time-resolved
analysis of a psbS gene dosage effect on pH- and xanthophyll cycle-
dependent nonphotochemical quenching in photosystem II, J. Biol. Chem.
277 (2002) 33590–33597.
[38] X.-P. Li, P. Müller-Moulé, A.M. Gilmore, K.K. Niyogi, PsbS-dependent
enhancement of feedback de-excitation protects photosystem II from
photoinhibition, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 15222–15227.[39] K.K. Niyogi, A.R. Grossman, O. Björkman, Arabidopsis mutants define a
central role for the xanthophyll cycle in the regulation of photosynthetic
energy conversion, Plant Cell 10 (1998) 1121–1134.
[41] R. Bassi, S. Caffarri, Lhc proteins and the regulation of photosynthetic
light harvesting function by xanthophylls, Photosynth. Res. 64 (2000)
243–256.
[42] L. Dall'Osto, S. Caffari, R. Bassi, A mechanism of nonphotochemical
energy dissipation, independent from PsbS, revealed by a conformational
change in the antenna protein CP26, Plant Cell 17 (2005) 1217–1232.
[43] E. Tyystjärvi, R. Kettunen, E.-M. Aro, The rate constant of photoinhibition
in-vitro is independent of the antenna size of photosystem II but depends
on temperature, Biochim. Biophys. Acta 1186 (1994) 177–185.
[44] E. Bergantino, A. Segalla, A. Brunetta, E. Teardo, F. Rigoni, G.M.
Giacometti, I. Szabó, Light- and pH-dependent structural changes in the
PsbS subunit of photosystem II, Proc. Natl. Acad. Sci. U. S. A. 100 (2003)
15265–15270.
[45] J. Barber, J. Da Las Rivas, A functional model for the role of cytochrome
b559 in the protection against donor and acceptor side photoinhibition,
Proc. Natl. Acad. Sci. U. S. A. 90 (1993) 10942–10946.
[46] S.I. Allakhverdiev, V.V. Klimov, R. Carpentier, Evidence for the
involvement of cyclic electron transport in the protection of photosystem
II against photoinhibition: influence of a new phenolic compound, Bio-
chemistry 36 (1997) 4149–4154.
[47] R.B. Peterson, PsbS genotype in relation to coordinated function of PSII
and PSI in Arabidopsis leaves, Photosynth. Res. 85 (2005) 205–219.
